Abstract-Torque ripple generated in the commutation interval is one of the main drawbacks of Brushless DC (BLDC) motors. This paper presents an comprehensive analysis on the generated torque ripples of trapezoidal back-EMF due to phase commutation in the six switch, three-phase inverter brushless dc motor drives. Experimental results verify the amplitude of the torque ripple under 4 kinds of PWM pattern, respectively.
I. INTRODUCTION
Brushless DC (BLDC) motors with trapezoidal back-EMF have several inherent advantages. Most prominent among them are high efficiency and high power density due to the absence of field windings. In addition, the absence of brushes leads to high reliability, low maintenance and high speed capability. Therefore, it is widely applied in office automation, computer peripheral devices, instruments, domestic electric appliances, etc [1] . However, in a practical BLDC drive, significant torque pulsations may arise due to the back-EMF waveform departing from the ideal, as well as commutation torque ripple, pulse width modulation (PWM) switching, and cogging [2] [3] . Torque ripple due to phase current commutation [3] [4] [5] [6] is caused by mismatches between the applied electromotive force and the phase currents associated with the motor electrical dynamics and is usually considered to be one of the main drawbacks of BLDC drives. Cogging torque results from interaction between the permanent magnets and the stator slots.
In practical applications, however, commutation may generate considerable torque ripples due to phase inductance and finite inverter voltages. Moreover, the current of non-commutation phase becomes different after commutation, and both torque ripple and non-commutation phase current vary with different PWM modes. Commutation torque ripples will produce noise and degrade speed-control characteristics, especially at low speed
In this paper we analyze the influences of four PWM patterns on the commutation torque ripples, and select a better PWM mode among the given modes for the BLDC motor.
The remainder of this paper is organized as follows. Section II describes the mathematical models of commutation torque ripple. Finally, experimental results and conclusions are presented in Section III and IV, respectively.
II. MATHEMATICAL MODELS OF COMMUTATION TORQUE RIPPLE
A three-phase synchronous motor with permanent magnet rotor is considered and trapezoidal EMF is assumed in this case. Fig. 1 depicts the equivalent circuit of a BLDC motor drive. BLDC motors are fed with rectangular stator current as shown in Fig. 2 , so the produced torque is theoretically constant. Fig. 3 shows the waveforms for four PWM patterns in a two-phase feeding scheme. Generally a BLDCM has two operation region; conduction region and commutation region. In the conduction region, with position of rotor selected 2-phases are conducted. On the other hand, commutation region is to be transient region which converts from the current conduction into the next one, is relatively shorter than conduction region, and 3-phases (rising phase, decaying phase, and non-commutating phase) are all conducted. Conduction and commutation appears 6 times per 1 electrical rotating of the rotor.
Two cases of phase current commutation are considered. One is upper-bridge current commutation, and the other is lower-bridge current commutation. Suppose these two cases both occur between phase A and phase B. When upper-bridge commutation takes place, the switches alternate from S1S2 to S2S3, as shown in Fig. 4 . Similarly when lower-bridge commutation takes place, the switches alternate from S4S5 to S5S6, as shown in 
Upper-bridge Current Commutation
The current commutation from phase A to phase B is considered. This upper-bridge current transfer is done by switching off S1 and switching on S3. Nevertheless, this transfer is not done directly and puts into action the freewheeling diodes D4. The circuit before this commutation is shown in Fig. 4 (a). Immediately after switching off S1, the circuit configuration is that of Fig. 4 
H_PWM-L_ON and PWM-ON
In the S2S3 sector in Fig.3 , the upper bridge works in PWM scheme and the lower bridge works in ON scheme. The stator-phase voltage equation during commutation can be expressed as 
Then Eq. (1) is rewritten as 
Thus, the electromagnetic torque is 
H_ON -L_PWM and ON-PWM
In the S2S3 sector in Fig.3 , the upper bridge works in ON scheme and the lower bridge works in PWM scheme. The stator-phase voltage equation during commutation can be expressed as 1 means S2 is off and S5 is on. 0 means S2 is on and S5 is off. where D is the duty cycle for switch S2. Similarly, repeat the process for Eq.(3)~Eq.(7) and the electromagnetic torque is (12)
Lower-bridge Current Commutation
The current commutation from phase A to phase B is considered. This lower-bridge current transfer is done by switching off S4 and switching on S6. Nevertheless, this transfer is not done directly and puts into action the freewheeling diodes D1. The circuit before this commutation is shown in Fig. 5(a) . Immediately after switching off S4, the circuit configuration is that of Fig. 5(b) . Finally, there are only two phases (phase B and phase C) conducting in series as shown in Fig. 5(c) Fig.2 , the upper bridge works in PWM scheme and the lower bridge works in ON scheme. The stator-phase voltage equation during commutation can be expressed as =1 means S2 is off and S5 is on. =0 means S2 is on and S5 is off. 
2.2.2 PWM-ON and H_ON-L_PWM During this state, S5S6 sector in Fig.3 , the upper bridge works in ON scheme and the lower bridge works in PWM scheme. The stator-phase voltage equation during commutation can be expressed as
where S b is the switch variable for phase current i b . S b =1 ҏ means S3 is on and S6 is off. S b =0 means S3 is off and S6 is on. Again, by repeating the process for Eq.(2)~Eq.(8), the torque ripple is found to be (12), (14) and (16) Some experiments are conducted on a three-phase ten-pole 12-slot BLDC motor whose parameters are given in Table 1 . The duty ratio in the following experiments is 80%, and the motor runs at a high speed (4330 r/min).
The measured phase winding terminal-to-ground voltage, phase-current waveform, and electromagnetic torque for 4 different PWM schemes are shown in Figs. 6-9.
The measured electromagnetic torque will presents the pulsating characteristic. Fig. 7(b) shows the phase current spike generated during the commutation time interval, and the current spike results in the torque ripple, as shown in Fig. 7(c) .
For H_PWM-L_ON pattern, Fig. 6(c) shows that the torque ripple due to upper-bridge commutation is smaller than that due to lower-bridge commutation. In contrast, for H_ON-L_PWM pattern, Fig. 7(c) shows that the torque ripple due to upper-bridge commutation is greater than that due to lower-bridge commutation. For ON-PWM or PWM-ON patterns, the torque ripple due to upper-bridge commutation is almost the same as that due to lower-bridge commutation, as shown in Figs. 8(c) and 9(c). It is seen that the torque ripple for PWM-ON pattern is the smallest among the 4 PWM patterns. 
IV. CONCLUSION
In a two-phase 120 -elec.-conduction BLDC drive, the phase-current and torque ripple which is generated during current commutation have been analyzed and experimented. The results indicate that the PWM-ON pattern on a six-switch BLDC motor drive achieves the smallest torque ripple due to current commutation.
What has been presented in this paper is only the first step to model and analyze the commutation torque ripple for 4 kinds of PWM patterns. In the future, we will be trying to develop a topology to minimize the commutation torque ripple.
